associated to vitamin metabolism, mitochondrial and peroxisomal functions, ribosome biogenesis and microtubule biogenesis and dynamics are among the newly found determinants of WSH resistance. Moreover, PRS3, VMA8, ERG2, RAV1 and RPB4 were confirmed as key genes on yeast tolerance and fermentation of industrial WSH.
Introduction
Technology for conventional ethanol production from crops rich in starch or sugar with Saccharomyces cerevisiae strains is well established [28, 29] , while bio-ethanol production from agricultural and agro-industrial residues is receiving growing scientific interest despite posing greater technical, engineering and biological challenges [19] . It is widely acknowledged that the main challenge when using microorganisms to produce bulk chemicals is the accumulation of toxic compounds inside the producing cells, which affects the regular activity of yeast metabolic machinery. Then, tolerance engineering is essential for the improvement of production of next-generation biofuels [7, 15, 33] .
To make the sugars present in biomass residues available for fermentation, raw materials have to be subjected to pre-treatment and hydrolysis steps [26, 31] . Under the extreme conditions observed during the pre-treatment step some toxic compounds are released together with sugars. These can be grouped around three main classes: weak acids, furans and phenolics. While acetic acid, the most common weak acid derived from lignocellulosic hydrolysates, is formed by deacetylation of hemicelluloses, furan Abstract The presence of toxic compounds derived from biomass pre-treatment in fermentation media represents an important drawback in second-generation bio-ethanol production technology and overcoming this inhibitory effect is one of the fundamental challenges to its industrial production. The aim of this study was to systematically identify, in industrial medium and at a genomic scale, the Saccharomyces cerevisiae genes required for simultaneous and maximal tolerance to key inhibitors of lignocellulosic fermentations. Based on the screening of EUROSCARF haploid mutant collection, 242 and 216 determinants of tolerance to inhibitory compounds present in industrial wheat straw hydrolysate (WSH) and in inhibitor-supplemented synthetic hydrolysate were identified, respectively. Genes 1 3 compounds, 2-furaldehyde (furfural) and 5-hydroxymethyl-2-furaldehyde (HMF), are formed by dehydration of pentoses and hexoses, respectively. Phenolic compounds are generated due to lignin breakdown and carbohydrate degradation during acid hydrolysis (recently reviewed by Almeida et al. [2] ). During yeast cultivation and/or fermentation step, these inhibitors induce a harsh effect on yeast metabolic machinery reducing the ethanol yield and productivity [16, 23] . The yeast has inherent mechanisms to counteract the negative impact of this multiple effects, being the furan and weak acids inhibition patterns well studied in the last years. Weak acids have been described to induce a strong intracellular acidification, with negative consequences for the activity of metabolic enzymes, and to cause the dissipation of the plasma membrane potential which is an essential feature for secondary transport [20] . This can be partly compensated by plasma membrane ATPase activity, which pumps protons out of the cell at the expense of ATP hydrolysis [20] . On the other hand, furan compounds have to be reduced to their corresponding less toxic alcohols by yeast cells decreasing the fermentation process productivity (and increasing the lag phase). Modig et al. [24] showed that the extended lag phase results from a reduction in available cellular energy caused by the inhibition of several enzymes (alcohol dehydrogenase, aldehyde dehydrogenase and pyruvate dehydrogenase), which coupled with the deficiency of the cofactor nicotinamide adenine dinucleotide phosphate (NADPH), are directly involved in oxidative damages to yeast cells. Moreover, furfural and HMF are known to cause RNA, DNA, protein and membrane damage at low concentrations [3, 14] .
To overcome the problem of toxicity, several strategies have been considered such as biological or chemical detoxification step prior to fermentation (reviewed by Palmqvist and Hahn-Hagerdal [27] ), optimization of fermentation environment to minimize the toxic effects of inhibitors [11] or the improvement of resistance of the organism itself [10] . Results emerging from genome-wide screenings have the potential to identify phenotype-specific genes under selective conditions that could be targets for subsequent genetic engineering aiming to obtain more robust industrial yeast strains [30] . Chemogenomic analysis has been successfully applied to identify genes, at a genomic scale, required for maximal tolerance to ethanol [18, 34] or high concentrations of glucose [35] , single stress relevant for very high gravity (VHG) fermentations, or to inhibitory concentrations of furfural [9] , acetic acid [21] , and vanillin [8] , and single stress relevant for lignocellulosic biomass fermentations. However, genes found to be specifically required to confer resistance to individual stresses may not be relevant in a multi-stress environment. Since during the bio-detoxification step yeast cells are subjected to a wide range of toxic compounds, where their combined effect can have a large impact on yeast metabolic machinery, it would be interesting to find key genes able to increase yeast tolerance to multiple inhibitory compounds presented in lignocellulosic hydrolysates produced for industrial applications. Although some efforts have been put into the study of the genome-wide expression response to cultivation in hydrolysate [5] , a chemogenomic analysis under stresses induced by industrial lignocellulosic hydrolysates provides a straightforward and more realistic approach to better understand molecular and biological mechanisms during biomass in situ detoxification by yeast cells.
In this context, the aim of this study was to systematically identify, at a genomic scale, the genes required for simultaneous and maximal tolerance to inhibitors derived from lignocellulosic biomass pre-treatment, by screening the EUROSCARF haploid mutant collection for susceptibility in industrial wheat straw hydrolysate (WSH) and in an inhibitor-supplemented synthetic hydrolysate (SH). Preparation of wheat straw and synthetic hydrolysates A lignocellulosic wheat straw hydrolysate (WSH) was prepared following the method described by Ruiz et al. [31] . Briefly, the milled wheat straw (with particle size distribution of: >1 mm, 10 %; between 1 and 0.5 mm, 40 %; between 0.5 and 0.3 mm, 40 %; <0.3 mm, 10 %) and water were mixed to obtain a ratio 10:1 liquid/solid and treated for 30 min in a 3.75 L stainless steel reactor, at 180 °C for autohydrolysis. After hydrolysis, the liquid phase (hemicellulosic liquor) was collected by filtration and stored at −20 °C. Prior to its use for yeast growth, the hemicellulosic liquor was centrifuged for 10 min at 9,000 rpm (4 °C) to remove the solid fraction, supplemented with 2 % (w/v) agar, the pH was adjusted to 4.5 (NaOH 1 M) and then sterilized at 121 °C during 20 min. Afterward, the hemicellulosic liquor at 55 °C was supplemented with glucose and aminoacids to a final concentration of 20 g/L glucose, 20 mg/L methionine, 20 mg/L histidine, 60 mg/L leucine and 20 mg/L uracil to account for the auxotrophies of the BY4741 parental strain and its derived single deletion strains tested. All strains were also cultured in YPD solid medium supplemented with the same aminoacids mix to compare and evaluate their growth phenotype in standard laboratory conditions. A synthetic hydrolysate was also used to test the susceptibility of yeast cells to the inhibitors found in industrial WSH containing the same nutritional base of MM4 medium (see composition above) and supplemented or not with 30 mM acetic acid, 4.5 mM furfural and 0.67 mM HMF. The plates of both solid hydrolysates were prepared a day prior to use. The concentrations of glucose, acetic acid, furfural and HMF in the WSH and SH hydrolysates prepared as described above were quantified by high-performance liquid chromatography (HPLC). Glucose and acetic acid were quantified upon separation of an aliquot of the hydrolysate in a Varian MetaCarb 87H column, eluted at 60 °C with 0.005 M sulfuric acid, at a flow rate of 0.7 mL/min. The peaks corresponding to glucose were detected using a refractive index detector, whereas acetic acid was detected using an UV detector set at 210 nm. Furfural and HMF were quantified upon separation of an aliquot of the hydrolysate in a Macherey-Nagel C18 column, eluted with 20 % acetonitrile to 80 % water at a flow rate of 0.9 mL/min. Peak detection was performed using an UV detector set at 276 nm.
Methods

Strains and growth media
Screening for lignocellulosic inhibitor-sensitive deletion mutants
To screen the entire EUROSCARF deletion mutant collection for susceptibility response to lignocellulosic inhibitors all strains were inoculated from stock cultures (96-well plates at −80 °C) to batch cultures at pH 4.5, 30 °C with orbital agitation (250 rpm) in MM4 medium under aerobic conditions. After 12 h of growth, a 96-pin replica platter was used to spot these cells onto the surface of WSH, YPD and SH with either 0 or the cocktail inhibitor described above. Susceptibility phenotypes were registered after incubation at 30 °C for 2 and 3 days, depending on the severity of growth inhibition. At least two independent replicates were conducted for each set of mutants. The inhibition phenotype in WSH and SH was scored as (-), if the strain showed a residual growth after 72 h; and (--), if the strain showed no growth after 72 h (see Fig. 1 ). Strains exhibiting no growth or growth that was difficult to score were rescreened to confirm the results. Only the mutants that present normal growth in control media (YPD) comparatively to parental strain have been considered susceptible to inhibitory WSH or SH (Fig. 1) . Groups of genes that are overrepresented in our dataset, compared to yeast genome, were assigned to determined functional groups using the GOToolBox tool and the enrichment was considered for P values below 0.01. Moreover, the description of gene function was complemented using the information available in Saccharomyces Genome Database, SGD (http://www.yeastgenome.org/).
Results
Screening of genes conferring resistance to stress induced by cultivation in WSH Genome-wide identification of genes implicated in S. cerevisiae resistance to stresses induced by cultivation in an industrial WSH was based on the comparison of the susceptibility to this growth medium of the EUROSCARF haploid mutant collection (approximately 5,100 mutants individually deleted for non-essential genes) with the corresponding parental strain BY4741. Two-hundred and forty-two mutant strains were found to be more susceptible to cultivation in WSH than the BY4741 parental strain, corresponding to approximately 5 % of the strain collection tested. Two levels of inhibition were considered [(-) and Fig. 1 Example of growth phenotypes of the parental BY4741 strain and single deletion mutant strains on WSH, SH and YPD (CTRL) media after 72 h. In this example, Vps16 was classified as a inhibitorsensitive deletion mutant with "high phenotype" (--, no growth after 72 h); Gim3 and Alf1 were classified as inhibitor-sensitive deletion mutants with "low phenotype" (-, residual growth after 72 h); the growth phenotype of the other single gene deletion strains was considered "n.i", no inhibition) (--)] based on increasing levels of growth deficiency of the deletion mutants tested in WSH, compared to the parental strain (Table S1 ).
Clustering of the specific genes required for maximal tolerance to WSH-derived inhibitors, based on their biological process, was performed according to their associated GO terms, using the GOToolBox software (http://genome. crg.es/GOToolBox/). The frequency of each biological class in the dataset under analysis was compared to that in the genome and a statistical test was applied to correct the data. The 242 identified genes were then predominantly associated to six enriched GO terms (those having an associated p value below 0.01): "vacuolar transport", "regulation of gene expression", "response to nutrient levels", "cellular ion homeostasis", "vitamin metabolic process", and "lipid metabolic process" (Fig. 2) .
Based on this classification, and using the gene descriptions deposited in the Saccharomyces Genome Database (www.yeastgenome.org), Table S1 (Additional File 1, Supplementary Material) was put together, in which the 242 genes were grouped according to their biological functions. Among these biological functions, the most represented include intracellular trafficking (34 genes), transcriptional machinery and RNA processing (30 genes), protein synthesis (17 genes), lipid metabolism (14 genes), amino acid metabolism (12 genes), ion transport (10 genes), vitamin metabolism (8 genes), cell wall metabolism (8 genes), stress response (7 genes), vacuolar acidification (7 genes), degradation (6 genes) and folding (5 genes).
Biological functions, involving lipid metabolism, including ergosterol and phospholipid composition, had been previously found in relation to yeast resistance to furfural [9] , vanillin [8] and acetic acid [22] . The same is also true for vacuolar function, which appears to be essential for the maintenance of intracellular and vacuolar pH levels and associated functions, affected by the presence of acetic acid [22] and other growth inhibitors of relevance in the fermentation industry [34, 35] . The importance of vacuolar function and intracellular trafficking may further relate to the requirement to target membrane transporters to overcome inhibitor stress imposed by acetic acid [22] .
The observed diversity of biological functions found to be required for yeast resistance to cultivation in WSH is consistent with the complexity of this medium exhibiting multiple sources of stress.
Genes required for maximal tolerance to cultivation in an SH Acetic acid and furan compounds (furfural and HMF), frequently the most dominant inhibitor cocktail present in plant-biomass hydrolysates, are also the main stress factors found to be present in the industrial WSH used in this study. Indeed, using HPLC analysis it was possible to assess that the concentration of furfural, acetic acid and HMF was of 4.5, 30 and 0.67, respectively. Several studies, based on molecular biology and genome-wide approaches, aiming the elucidation of the mechanisms underlying yeast tolerance to each of these single-stress agents were previously conducted [15] . To look further into the possibility that these stress agents may, when in combination, exert a nonadditive toxic effect in yeast cells, SH was devised, based on the supplementation of minimal YNB-derived medium with the exact same concentrations of furfural, HMF and acetic acid found in the used industrial WSH. The entire EUROSCARF collection was then screened for sensitivity mutants in this SH medium, and 200 and 216 mutant strains were identified as displaying increased susceptibility to the simultaneous presence of acetic acid, furfural and HMF. Again using the gene descriptions deposited in the Saccharomyces Genome Database (www.yeastgenome. org), Table S2 (Additional File 2, Supplementary Material) was put together, in which these 216 genes were grouped according to their biological functions. Most of the biological functions found to be required for WSH resistance were also found to be required for SH resistance, although with different levels of relative importance. Indeed, the majority of the genes identified as determinants of resistance to WSH are also determinants of SH resistance. However, 59 genes were found to be determinants of SH resistance alone, while 79 genes were identified as exclusively determining WSH resistance in yeast (Fig. S1) . This difference highlights the importance of examining stress tolerance mechanisms beyond lab conditions, especially when aiming industrial applications, even when a combination of stresses is considered. Gene frequency (%) Fig. 2 Clustering, based on biological function, of yeast determinants required for maximal tolerance to cultivation in wheat straw hydrolysate (WSH). Genes were clustered using GOToolBox, and only classes (#genes >10) found to be statistically overrepresented in our dataset are displayed (P value below 0.01). Black bars, gene frequency within each class in the WSH dataset; white bars, frequency registered for the whole genome
Among the groups of proteins found to be required for WSH resistance, but not for SH resistance, the following are highlighted: vitamin metabolic enzymes, including a number of those contributing to thiamine and pantothenate metabolism; proteins involved in iron limitation response, including the transcription factor controlling this response, Aft1, and the oxidoreductase required for high-affinity iron up-take, Fet3; subunits of the heteromeric cochaperone prefoldin complex, Gim3, Gim4 and Pac10, which plays a key role in the folding of actin, tubulin and other aggregationsensitive polypeptides, thereby allowing their efficient folding [32] ; microtubule dynamics-related proteins, including Kar3, a microtubule motor, the Nip100 subunit of the dynactin complex, and the alpha-tubulin Tub3.
On the other hand, some genes were found to be required for SH resistance but not for WSH resistance, including especially a number involved in phospholipid biosynthesis: the transcription factors INO2 and INO4, controlling the response to inositol depletion; IPK1, an inositol-1,3,4,5,6-pentakisphosphate 2-kinase, whose activity has been shown to be important for the process of mRNA export [37] ; and PDR17, a multidrug resistance phosphatidylinositol transfer protein, which downregulates Plb1p-mediated turnover of phosphatidylcholine.
These differences are expected to result from the fact that the more complex WSH medium contains further stress sources than SH and is defective in some of the key nutrients that exist in the nutrient-balanced SH medium. However, the fact that WSH appears to exert a less stressing environment in terms of lipid homeostasis than the used SH medium is interesting, possibly relating to the fact that SH is derived from the minimal YNB-based growth medium.
Comparison of the genes required for S. cerevisiae resistance to SH or WSH with those required for furfural or acetic acid resistance Given that one of the key goals of this study is to understand the differences between analyzing the effect of individual stress agents and analyzing the effect of their combination, a comparison between the genes identified in this study as conferring resistance to SH with those previously identified as involved in acetic acid [21] or furfural [9] tolerance was carried out. The intersection between the three datasets (Fig. S1B ) reveals that there is little overlap between the identified furfural resistance determinants and those required for SH tolerance.
Indeed, only 5.6 % of the genes found to play a role in SH resistance were previously involved in furfural tolerance, including PRS3, RPB4, RPE1, STB5, VMA8, ZWF1, also involved in acetic acid tolerance, and BUD27, DCC1, EAF7, FYV6, VMA22 and YDR049w. On the other hand, around 43 % of the determinants of SH resistance had been previously identified as conferring acetic acid resistance, suggesting that this stress agent is a key factor in the toxicity exerted by the used SH. However, the observation that more than 50 % of the determinants of SH resistance were not found to be required for yeast tolerance to acetic acid or furfural is also significant. The finding of 117 genes that are required for the resistance to the SH formulation, but not to the individual stresses therein, reinforces the notion that studies carried out just looking at individual stress conditions do not provide a complete picture of what is going on in the complex real-life stress environments. It also points out to a possible combinatorial, or eventually, synergistic action of acetic acid, furfural and HMF.
This notion is also clear when comparing the identified determinants of WSH resistance with the furfural or acetic acid resistance determinant (Fig. S1C) . Again, only a very small fraction of the WSH resistance determinants, 3.7 %, are required for furfural tolerance, including PRS3, RPE1, STB5, VMA8 and ZWF1, also involved in acetic acid tolerance, and BUD27, DCC1, FYV6 and VMA22. On the contrary, 45.7 % of the WSH resistance determinants are required for acetic acid tolerance. Despite this partial overlap, more than 50 % of the WSH resistance determinants are not necessary for yeast to tolerate stress induced by furfural or acetic acid alone.
The functional groups exclusively represented in the WSH or SH datasets include vitamin metabolism, mitochondrial function, peroxisomal function, ribosome biogenesis and response to reactive oxygen species. The specific genes and gene functions are indicated in Table 1 .
Discussion
In this study, the determinants of yeast resistance to cultivation in industrial wheat straw hydrolysate (WSH) were identified. The understanding of the mechanisms of resistance to the individual stress agents that are present in WSH has been looked into in some detail in studies focused not only on specific mechanisms [2, 15] but also on a genomewide perspective [8, 9, 21, [34] [35] [36] .
However, the effect of the combination of these stresses in yeast cell ability to thrive and ferment in high yield has been mostly neglected. Although it is true that some studies have focused on the genome-wide response to lignocellulosic hydrolysates and related stresses [5, 22] , or to the characterization of the genome-wide expression patterns in strains evolved to thrive in industrial hydrolysates [1] , the fact is that the best way to characterize the mechanisms of resistance to a given stress is through the screening of systematic mutant libraries [6] . Using such an approach, 242 genes were found to be required for cultivation of S. cerevisiae cells in industrial WSH, half of them being linked to this phenomenon for the first time.
Looking in more detail into the new insights provided by this work, our analysis was focused on the determinants of resistance to WSH cultivation that had not been previously identified as conferring resistance to stresses caused upon exposure to single-stress agents present in WSH such as furfural [9] and acetic acid [21] . Among the 128 genes Table 1 List of the most representative biological functions and associated genes whose deletion was found to decrease yeast susceptibility to wheat straw hydrolysate (WSH) or synthetic hydrolysate (SH), but not to individual stresses exerted by furfural or acetic acid Two levels of inhibition were considered [(-) and (--)] based on increasing levels of growth deficiency of the deletion mutants, compared to the parental strain. No inhibition (n.i) phenotypes are also represented Gene name Description WSH SH
Vitamin metabolism
PAN6
Pantothenate synthase, also known as pantoate-beta-alanine ligase, required for pantothenic acid biosynthesis, deletion causes pantothenic acid auxotrophy, homologous to E. coli panC -(n.i)
THI2
Zinc finger protein of the Zn(II)2Cys6 type, probable transcriptional activator of thiamine biosynthetic genes --(n.i)
THI3
Probable alpha-ketoisocaproate decarboxylase; required for expression of enzymes involved in thiamine biosynthesis ---
Mitochondrial function
FZO1
Mitofusin; integral membrane protein involved in mitochondrial outer membrane tethering and fusion; role in mitochondrial genome maintenance -(n.i)
MRPL3
Mitochondrial ribosomal protein of the large subunit -(n.i)
MRPL32
Mitochondrial ribosomal protein of the large subunit --
MRPS35
Mitochondrial ribosomal protein of the small subunit --
PET20
Mitochondrial protein, required for respiratory growth under some conditions and for stability of the mitochondrial genome --
PPT2
Phosphopantetheine:protein transferase (PPTase), activates mitochondrial acyl carrier protein (Acp1p) by phosphopantetheinylation (n.i) -
SSQ1
Mitochondrial hsp70-type molecular chaperone, required for assembly of iron/sulfur clusters into proteins at a step after cluster synthesis, and for maturation of Yfh1p
(n.i) -
Peroxisomal function
PEX6
AAA-peroxin that heterodimerizes with AAA-peroxin Pex1p and participates in the recycling of peroxisomal signal receptor Pex5p from the peroxisomal membrane to the cytosol ---
PEX7
Peroxisomal signal receptor for the N-terminal nonapeptide signal (PTS2) of peroxisomal matrix proteins --
PEX34
Peroxisomal integral membrane protein that regulates peroxisome populations; interacts with Pex11p, Pex25p, and Pex27p to control both constitutive peroxisome division and peroxisome morphology and abundance during peroxisome proliferation --
Response to reactive oxygen species
SOD1
Cytosolic copper-zinc superoxide dismutase --
SOD2
Mitochondrial manganese superoxide dismutase --(n.i)
Ribosome biogenesis
ARX1
Shuttling pre-60S factor; involved in the biogenesis of ribosomal large subunit biogenesis --
BUD21
Component of small ribosomal subunit (SSU) processosome that contains U3 snoRNA -(n.i)
DBP7
Putative ATP-dependent RNA helicase of the DEAD-box family involved in ribosomal biogenesis (n.i) - 
RPL13a
SFP1
Transcription factor that controls expression of ribosome biogenesis genes in response to nutrients and stress --
SRO9
Cytoplasmic RNA-binding protein that associates with translating ribosomes ---
LOC1
Nuclear protein involved in asymmetric localization of ASH1 mRNA; constituent of 66S pre-ribosomal particles -(n.i)
REI1
Cytoplasmic pre-60S factor; required for the correct recycling of shuttling factors Alb1, Arx1 and Tif6 at the end of the ribosomal large subunit biogenesis -(n.i)
RML2
Mitochondrial ribosomal protein of the large subunit -(n.i) matching this criterion, a few functional categories were highlighted, including response to reactive oxygen species (ROS), mitochondrial function, ribosome biogenesis, peroxisomal function and vitamin metabolism. Two reactive oxygen species-responsive genes, namely those encoding the cytosolic, Sod1, and mitochondrial, Sod2, superoxide dismutases, were found to confer WSH resistance, while only Sod2 was found to confer SH resistance and none was implicated in acetic acid or furfural resistance. HMF and furfural have been shown to affect redox metabolism, draining the cells of reductive power [17] and inducing the expression of genes involved in the redox balance of the cell [5] . Consistently, among the proteins found to be required for furfural resistance are NADPH-regenerating enzymes, such as those of the pentose phosphate pathway, but not ROS-responsive genes [9] . The reason for this appears to relate to the ability of S. cerevisiae to convert furfural to furan methanol and HMF to furan di-methanol through multiple NADPH-dependent aldehyde reduction, such as the reductases ALD4 and GRE3 [32] .
The involvement of mitochondrial function in yeast resistance to WSH is in agreement with the increased transcript levels of some mitochondria-associated genes in response to acetic acid and furfural [12] . Mitochondrial genes had also been previously linked to acetic acid resistance [22] , suggesting that, even in the presence of glucose, mitochondrial function is essential for tolerance to cultivation in WSH. Ribosome biogenesis genes were also found to increase yeast ability to grow in WSH. The beneficial effect of the expression of these genes is in agreement with the dramatic increase of the degradation rate of ribosomal RNA in acetic acid-stressed cells [25] . However, it is interesting to point out that the ribosome-or mitochondria-related genes found to confer acetic acid resistance do not coincide with those conferring WSH resistance. Surprisingly, the expression of ribosomal genes, as well of genes functioning in the synthesis and transport of proteins, metabolism of carbohydrates, lipids, vitamins and vacuolar proteins, was found to decrease significantly in yeast T2 cells exposed to hardwood-spent sulfite liquor [5] . The huge difference between the genes found to be determinants of WSH and those up-regulated upon exposure to this stress environment reinforces the notion that gene expression analysis is not the single way to study resistance mechanisms.
Peroxisomal function was also a new biological function associated to WSH resistance within this study. Although its precise role in stress resistance has been elusive, a recent study showed that under stress the peroxisome was the most severely affected compartment in terms of redox state and pH recovery [4] . Since both oxidative and acidic stress appear to be a clear consequence of the joint action of furfural, HMF and acetic acid, it is reasonable to assume that the deletion of peroxisomal genes would increase the susceptibility of yeast cells to this combination of stress agents. It would be interesting to further inspect the role of peroxisomes in the maintenance of pH and redox balance under WSH stress. These results further suggest that conditions leading to peroxisomal proliferation might be beneficial for yeast cells to thrive in industrial WSH.
Another finding of this study is the association of vitamin metabolism and WSH resistance. More specifically, most of the key enzymes and some regulators leading to the synthesis of pantothenate and thiamine were found to be determinants of WSH tolerance, but, in most cases, not required for SH resistance. Thiamine is an essential cofactor for enzymes that decarboxylate α-keto acids, including α-ketoglutarate dehydrogenase, branched-chain α-ketoacid dehydrogenase, and transketolase, during amino acid and carbohydrate metabolism, and has also been linked to the maintenance of NAD + homeostasis [13] . Pantothenate, on the other hand, is a metabolic precursor to coenzyme A (CoA) and acyl carrier protein, which are also cofactors required by a large number of metabolic enzymes.
The observation that the genes required for the biosynthesis of these vitamins are essential for WSH, and less significantly for SH, resistance, may reflect the fact that not only WSH contains a pool of synergistic stress agents, but might also be deficient in key nutrients, whose absence would impair S. cerevisiae ability to grown in inhibitory WSH.
Interestingly, a small group of determinants of yeast resistance to cultivation in WSH were previously identified as conferring resistance to furfural during a chemogenomic analysis using standard laboratory conditions [9] . This reinforces that these genes including PRS3, RPE1, STB5, VMA8 and ZWF1 play an important role on WSH resistance. In particular, Gorsich et al. 2006 showed that ZWF1 overexpression in S. cerevisiae allowed growth at furfural concentrations that are normally toxic confirming a strong relationship between these genes and furfural tolerance complex [9] . Altogether, results from this study suggest that the combination of acetic acid, furfural and the environment found in industrial WSH appears to exacerbate oxidative stress upon yeast cells, in a way that goes beyond the individual action of each of these stress agents.
Based on the direct intersection of the genes previously identified as conferring resistance to lignocellulose biomass fermentation-related stresses, namely furfural, vanillin and acetic acid, ERG2, PRS3, RAV1, RPB4 and VMA8 were also reported to be required for cell viability maintenance and fermentation in wheat straw hydrolysate [30] . Since our focus was the identification of genes whose expression confers simultaneous resistance growth and fermentation of inhibitory hydrolysates, the previous results from Pereira et al. [30] obtained in fermentation tests mimicking industrial relevant conditions (limiting oxygen conditions) allow us to conclude about the feasibility of the screening strategy in solid growth media and confirm the importance of the identified genes in this screening study-PRS3, VMA8, ERG2, RAV1, RPB4-for maximal tolerance to key inhibitors present in WSH. Interestingly, in this study ERG2 and PRS3 genes were again found to be required for simultaneous SH and WSH resistance, which highlight the importance of these genes in yeast global adaptation to lignocellulose-derived inhibitors.
Knowledge-based medium manipulation or/and genetic engineering, after genome-wide identification of target genes, for improved S. cerevisiae tolerance appears as a promising approach that can be used, in combination with strain adaptation and fermentation control for the development of efficient lignocellulose-based ethanol processes.
Conclusion
Understanding fermentation inhibitor tolerance in yeasts at the genetic level is of considerable importance to the fermentation industry. The focused and more realistic screening strategy presented in this study proved to be useful in identifying genes involved in inhibitor tolerance. Specifically, the present genome-wide survey conducted in industrial WSH and SH uncovered 242 determinants of resistance. The results obtained highlight the relevance of the vacuolar acidification, ribosomal, mitochondrial and peroxisomal functions, microtubule biogenesis and dynamics and oxidative stress in WSH resistance in yeast. Finally, PRS3, VMA8, ERG2, RAV1 and RPB4 were highlighted as key genes on yeast tolerance and fermentation of industrial WSH.
